Introduction
Aluminum metal matrix composites (AMCs) due to a number of suitable characteristics such as low density, high electrical and thermal conductivity, low thermal expansion and high temperature properties are being considered for numerous applications in aerospace and automotive industries, electronic packaging and sporting goods. 1 micro-metric dispersion strengthened counterparts with a similar volume composition of particulates. For example, the tensile strength of Al-lvol.%Al 2 O 3 (10nm) composite has been found to be comparable to that of Al-15vol.%SiCp(3.5 urn) composite, with the yield strength of the former being significantly higher than that of the latter. 2 However, for achieving these interesting properties it is necessary to obtain a uniform distribution of nanoparticales in the matrix alloy which is difficult to obtain by using ordinary casting methods in which agglomeration and clustering are inevitable. 2 B 4 C ranks third in hardness only after diamond and cubic boron nitride and has a density as low as 2.51 g/cm 3 . 12 These unique characteristics along with other attractive properties, such as high impact and wear resistance, high melting point, good resistance to chemical agents and high capacity for neutron absorption make B 4 C a good candidate for being used in Al matrix composite. However, fabrication of dense A1-B 4 C composites by using liquid phase approaches is difficult, because Al requires a temperature as high as 1100°C to wet the B 4 C surface completely and processing at such high temperatures leads to the formation of a series of components by chemical reactions between B 4 C and Al. 1314 Based on authors' knowledge, there are limited reports on the synthesis of A1-B 4 C composites and nanocomposites by mechanical alloying. In this technique many processing parameters such as miller type, nature of balls, ball to powder weight ratio, milling speed, milling atmosphere and temperature as well as the added process control agents influence the characteristics of the final product. The main objective of the present study is investigation on the effect of some processing parameters of MA such as milling time, aluminum particle size, milling speed, B 4 C size and its content on characteristic of milled A1-B 4 C composite/nanocompsite powder particles.
Experimental Procedure
In this study 6061 aluminum alloy powder particles were prepared by nitrogen gas atomization. Two batches of powders with the average sizes of 21 and 71|um were separated from the atomized powders by sieving. B 4 C naoparticles were prepared by milling of commercially available 0.7 |um B 4 C particles. Different sized aluminum powder particles with different amounts (5% and 10%) of boron carbide particles having different sizes of 90, 700 and 1200nm were milled in a high energy ball mill from 2h up to 16h under argon atmosphere. The ball to powder weight ratio was 20 and ethanol was used as a process control agent (PCA). After different milling times, powder samples were subjected to microstructure and particle size analysis by scanning electron microscopy and laser particle size analyzer. In order to investigate the grain size and internal stress of aluminum powders, X-ray diffraction analysis was used. Different composite powder samples were designated by Al x C y -(Z%) in which X, Y and Z indicate aluminum particle size (|um), B 4 C particle size (nm) and B 4 C percent (wt.%) respectively.
Results and Discussion
The SEM micrograph of as-received B 4 C particles is shown in Fig. la and exhibits a wide size distribution of irregular shaped particles. After milling of these particles for 11 Oh, a narrow size distribution of nearly equiaxed particles is formed (Fig l.b) . It can be seen that most of the particles are agglomerated. However, apart from the agglomerated particles, the average size of separated B 4 C particles can be estimated to be around 90nm. Fig.2 shows the SEM micrographs of aluminum powders milled for different times. It can be seen that the morphology of powders changes with milling time. In fact during milling, two different mechanisms of cold welding and fracturing are operative simultaneously. 15 At the early stages of milling (i.e. after 2 and 4h milling), the soft aluminum powders are flattened ( Fig. 2a and b) . Fig 2 (c) shows that after 8h milling the flattened aluminum particles are cold welded to each other. For longer milling times, work hardening of powders is activated and fracturing of powders has occurred. In the final stages of milling a balance between cold events has happened and equiaxed particles are formed after 16h milling (Fig 2.d) . In order to observe the fine embed B 4 C particles, a high magnification SEM micrograph of this sample was prepared and is shown in Fig 3 (b) . The embedded B 4 C particles can be seen in this figure as little white spots. Embedding of B 4 C particles in the aluminum powder matrix along with high mixing intensity resulted in a uniform distribution of B 4 C in aluminum matrix as shown in the SEM map of this powder mixture (Fig. 3c, d ). The effect of milling time on the average size of Al 71|um particles milled at different speeds are shown in Fig.5 . This figure shows that increasing milling speed resulted in finer aluminum particles for any specific milling time. However, the maximum particle size is obtained after 4 and 1.5h milling for 320 and 420rpm speeds respectively. In addition the minimum in the particle size at higher speed is attained in a shorter time as compared with the lower speed. These results indicate that by increased milling speed, faster fragmentation-welding-fragmentation events in powders has occurred and the equilibrium has attained in a shorter time. Fig. 6 shows the effect of B 4 C content on the average particles size of A1-B 4 C powder mixture. As it can be seen, increasing B 4 C content decreased the A1-B 4 C particle size at any specific milling time. These results are attributed to the following facts:
• The as-received B 4 C particles are finer than both the as-received Al powder particles.
Therefore increasing B 4 C content in the mixture results in decreased particle size during milling. It must be noted that the as-received B 4 C particles are initially agglomerated so that this effect is not significant for the A1-B 4 C mixtures before milling. However, after milling for at least 4h, these agglomerated particles are broken to finer ones and affect the size of the powder mixture.
• B 4 C particles are much harder than aluminum powders and these particles can act as milling balls. So that by increasing B 4 C content, the overall number of impacts on to the Al powders increases resulting in finer particles in the mixture.
As mentioned before, during milling, the fine B 4 C particles are embedded into the Al powders and therefore the work hardening rate of the alloy increases. So that by increased B 4 C content in the mixture this effect is intensified and finer powder particles in the mixture is obtained. Figure 7 shows the XRD plot of Al powders and confirms the peak broadening for increased milling time. The grain size of Al powders was calculated from this plots by using William-Hall method. 17 For comparison, the grain sizes of monolithic A1-B 4 C nanocomsite particles and Al powder milled at different speed were also calculated by this method and are listed in Table 1 . The results showed that the grain size of monolithic aluminum particles decreased from 160nm to 80nm after 8h milling. However this effect was intensified for nanocomposite powder mixtures and a nanocrystalline structure was obtained after 4h milling. The faster generation of nonocrystals in aluminum powders by adding B 4 C particles can be attributed to the interaction of boron carbide particles and dislocations. In fact B 4 C particles can increase the dislocation density and accelerate the grain refining process in milling. Similar results have also been reported by other researchers. 18 In addition, increasing milling speed from 320 rpm to 420rom resulted in finer crystal size after 16h and this result is attributed to increasing work hardening effect by increasing milling speed. 5. By increasing milling speed from 320rpm to 420rpm, finer aluminum powder particle sizes were obtained for any specific milling time. 6. XRD results confirmed that the crystal size of aluminum reached to 80nm after 8h milling and addition of B 4 C nanoparticles and incrasing milling speed accelerated the generation of nanocrystalline structure and reduced this time to 4h.
